Podoplanin (PDPN) is a small mucin-like glycoprotein upregulated in a variety of cancers where it can be expressed in tumor as well as in stromal cells, such as cancer associated fibroblasts (CAFs). In most cancers, especially in squamous cell carcinomas (SCC) and glioblastomas, PDPN expression is associated with increased risk of metastasis to lymph nodes and reduced overall survival, although the opposite has been found in other tumor types. Studies from different laboratories, including our own, suggest that PDPN is involved in different steps of the metastatic cascade. Thus, PDPN, which is connected to the actin cytoskeleton through the binding to ezrin and/or moesin, stimulates collective tumor cell migration/invasion, and induces an epithelial-mesenchymal transition allowing a directional migration of individual cells through its interaction with the hyaluronan receptor CD44. PDPN is a component of the invadopodium contributing to its stability and promoting an efficient invasion through the extracellular matrix. In addition, PDPN favors the survival of cancer cells in the bloodstream aiding to their metastatic dissemination by inducing platelet aggregation/activation through its binding to the platelet receptor CLEC-2. More recently, we have reported that PDPN is a component of microvesicles and exosomes released by tumor cells and that PDPN-containing exosomes enhance in vitro lymphangiogenesis. In this short review, we discuss the role of PDPN in all these processes that foster malignant progression.
dendritic cells, a subset of macrophages, and effector T cells during acute inflammation [1] [2] [3] . In fact, the only function assigned to PDPN in normal adult tissues is related to lymphoid organs and the immune response [3] [4] [5] . PDPN null mice die immediately after birth due to respiratory problems. Studies carried out in these mice indicate a crucial role for this glycoprotein in organogenesis, as these mice show defects in the formation of alveoli, heart and the lymphatic vascular system [1, 2] .
The expression of PDPN is upregulated in a wide variety of tumor types, such as chondrosarcomas, osteosarcomas, angiosarcomas, malignant mesotheliomas, germ cell tumors, astrocytomas, glioblastomas and squamous cell carcinomas (SCCs) of diverse origins, including the oral cavity, pharynx, tongue, skin, esophagus and lung [1] . Although some reports suggest that PDPN expression may be a favorable prognostic factor in uterine cervical carcinomas and lung SCCs, an overwhelming amount of clinical and experimental data point to PDPN expression in tumors as a bad prognosis factor, particularly in head & neck, esophagus and skin SCCs and glioblastomas [1, 2] . PDPN staining is often found at the invasive front of SCCs [6, 7] . In most tumors, PDPN is co-expressed with E-cadherin at the surface of SCC invasive cells [7] ; however, in some areas of oral SCCs, PDPN expression correlated with reduced or virtually absence of E-cadherin staining at cell-cell contacts [6] . Indeed, studies from our laboratory indicate that PDPN induces a full epithelial-mesenchymal transition (EMT) when expressed in cultured epithelial cells [1] . In addition, it has been reported that PDPN is a marker of tumor-initiating cells with chemoresistant and stem characteristics in a SCC cell line (A431) and two glioblastoma cell lines (SJ-1 and U87) [8] [9] [10] . PDPN is also expressed in the stromal cells of tumors; i.e. cancer-associated fibroblasts (CAFs). We first observed the presence of PDPN in dermal fibroblasts during skin remodeling processes and in stromal fibroblast-like cells from chemically-induced mouse skin tumors [11] , and other laboratories have found the presence of this glycoprotein in fibroblasts of chronically inflamed tissues as well as in myofibroblast-like cells of different types of cancer [12, 13] . Contradictory results have been reported about the prognostic value of PDPN expression in CAFs. Thus, in lung adenocarcinomas, invasive ductal breast carcinomas, intrahepatic cholongiocarcinomas and esophagus adenocarcinomas, the presence of PDPN in CAFs is associated with shorter overall survival and poor prognosis, whereas it is considered as a favorable prognostic factor in colorectal cancer and without significant prognostic value in lung SCCs and uterine cervical carcinomas [1, 12, 13] . PDPN has a heavily O-glycosylated ectodomain, which confers a negative net charge to this moiety due to sialic acid modifications α2-3 to galactose and α2-6 to N-acetyl-galactosamine. In addition, PDPN has a conventional hydrophobic transmembrane region and a short cytoplasmic tail of only nine amino acids that lacks any obvious enzymatic motif. Therefore, PDPN must exert its function(s) through protein-protein interactions [1, 2] . In cultured cells, PDPN is concentrated at plasma membrane protrusions, such as microvilli, filopodia and ruffles, where interacts with ezrin and/or moesin that links PDPN to the actin cytoskeleton [6, 14, 15] . Ezrin and moesin belong to the ERM (ezrin, radixin, moesin) protein family of connectors between the plasma membrane and the actin cytoskeleton that regulate cell adhesion and motility. Ectopic expression of PDPN in low motile epithelial cells recruits ezrin to plasma membrane extensions and cell-cell contacts, promoting the downregulation (or the aberrant localization) of E-cadherin and leading to increased motility [6, 14] . Moreover, PDPN induces a full EMT in premalignant keratinocytes and Madin-Darby canine kidney (MDCK) cells associated with increased migration and invasiveness [14, 15] . These actions require the binding of PDPN to ezrin/moesin through a cluster of basic amino acids within the cytoplasmic domain and activation of the small GTPase RhoA (likely by sequestering the Rho-GDP dissociation inhibitor, Rho-GDI), which in turn activates its downstream kinase ROCK, leading to a major rearrangement of the actin cytoskeleton [15] . We also have found that the transmembrane domain of PDPN is a key structural element involved in PDPN-induced EMT and cell migration. This is due to the association of this domain with detergent-resistant membrane fractions (lipid raft micro-domains), which constitute dynamic platforms involved in membrane trafficking and signal transduction. The association of PDPN with lipid rafts is mediated by a transmembrane GXXXG motif (GIIVG in human PDPN) that also mediates PDPN self-assembly. Thus, a single G to L mutation within this motif that disrupts intramembrane helix-helix interaction inhibits PDPN association with lipid rafts and halts PDPN-induced EMT [16] . An intriguing observation of these studies was that PDPN not only promoted cell migration and invasiveness, but also behaved as an oncogenic protein by inducing a full tumorigenic and metastatic phenotype [17] . These data were confirmed by knockdown experiments in which downregulation of PDPN in human oral SCC cell lines drastically reduced tumor formation in nude mice [18, 19] . An explanation for this behavior has come recently from proteomic profiling studies in which upregulation and downregulation of pro-oncogenic and tumor suppressor proteins, respectively, were observed upon PDPN expression in MDCK cells [19] .
We and others have shown that PDPN is a novel component of invadopodia [20, 21] . Invadopodia are ventral actin-rich plasma membrane projections with focalized proteolytic activity that mediate degradation of the extracellular matrix and are involved in local invasion of tumor cells through the basement membrane as well as entry into blood vessels. Recruitment of PDPN to invadopodia is mediated by binding to ERM proteins and lipid raft association [21] . Gain-of-function and loss-of-function experiments suggest that PDPN is not involved in invadopodia formation but in the maturation and stability of these structures through activation of the RhoC/cofilin pathway, promoting an efficient degradation of the matrix [21] .
In early studies, we discovered PDPN as a cell-surface protein (named PA2.26 antigen) upregulated during wound healing and mouse skin chemical carcinogenesis [11] . Interestingly, PDPN and the standard isoform of the hyaluronan receptor, CD44s, are coordinately regulated during progression of mouse skin carcinogenesis and EMT [22] . Furthermore, PDPN binds CD44s at plasma membrane protrusions in individual cells actively migrating, but not in cells in contact, as demonstrated by fluorescence resonance energy transfer (FRET) monitored by fluorescence lifetime imaging microscopy (FLIM). PDPN-CD44 interaction appears to promote directional migration in SCC cells [22] . Interestingly, CD44s has also been identified as a component of invadopodia [23] , where it plays an important role in the formation these structures and recruitment of MMP14 (MT1-MMP) metalloprotease. The implication of PDPN-CD44s interaction in invadopodia assembly and activity remains to be investigated.
Other authors have shown that PDPN binds the platelet C-type-lectin-like receptor 2 (CLEC-2) through three PLAG (platelet aggregation stimulating domain) tandem repeats within the extracellular domain of the glycoprotein [24] . O-glycosylation of Thr-52 within the PLAG3 domain appears to be crucial for this binding. Besides platelets, CLEC-2 is present in neutrophils and dendritic cells, and PDPN-CLEC-2 interaction plays an important role in the immune response as well as in tumor metastasis [2, 24] . PDPN on the surface of tumor cells bind CLEC-2 on platelets triggering a tyrosine kinase signaling pathway involving Syk, a member of the Src kinase family, which leads to platelet aggregation and activation [25] . Platelet aggregation, besides protecting circulating tumor cells from mechanical stress, enable them to evade the immune system and favors embolization of the microvasculature and tumor cell extravasation. In addition, activated platelets secrete a wide variety of growth factors and cytokines that promote tumor growth and facilitate metastasis [24] . CD9, a member of the tetraspanin family identified as a suppressor of metastasis, reduces platelet aggregation and metastasis by interacting with PDPN [26] . PDPN-CD9 interaction involves the transmembrane domains TM1 and TM2 of CD9 and localization of both proteins in low density membrane fractions, indicating that the transmembrane domain of PDPN is also involved in this interaction. Interestingly, binding of CD9 to PDPN does not interferes the interaction of the latter with CLEC-2, suggesting that CD9-mediated inhibition of platelet aggregation occurs by a mechanism downstream to the binding of PDPN to CLEC-2; i.e., preventing CLEC-2 multimerization, a condition necessary for platelet aggregation [26] .
In a recent article, we demonstrated that PDPN is secreted into the tumor microenvironment associated to the two main types of extracellular vesicles: exosomes and microvesicles [19] . Exosomes are vesicles of endosomal origin that are released after fusion of multivesicular bodies containing intraluminal vesicles with the cell surface, whereas microvesicles are directly shed from the plasma membrane. Both types of vesicles transfer genetic information, including DNA, mRNAs and miRNAs, and proteins from tumors to recipient cells, and promote the dissemination of tumor cells by stimulating angiogenesis, remodeling the extracellular matrix, facilitating escape from the immune surveillance, and educating bone marrow progenitor cells towards a pro-metastatic phenotype [27, 28] . Exosomes secreted by PDPN-expressing cells transport both PDPN mRNA and protein. Differential proteomic analysis of exosomes released by MDCK cells expressing PDPN revealed that PDPN induces a reprogramming of exosomal proteins. Most proteins highly downregulated in PDPN-containing exosomes are cell adhesion molecules and cytoskeletal keratins typical of epithelial cells, thus mimicking the pattern of EMT changes induced by PDPN in whole cells. Moreover, PDPN-exosomes were enriched in components of the semaphorin, ephrin and Src family kinase signaling pathways, integrins and other cell adhesion receptors, as well as proteins involved in actin dynamics and cytoskeletal remodeling. Strikingly, a large number of proteins enriched in PDPN-exosomes were implicated in the control of vesicle trafficking, including members of the Rab, Ral and Rap families of small GTPases, annexins, tetraspanins, components of the ESCRT and SNARE complexes that are required for the biogenesis and release of exosomes, respectively, and proteins involved in lipid raft formation. Interestingly, the levels of most of these proteins were unchanged in PDPN-expressing whole cells, suggesting a direct role of PDPN in promoting their incorporation into exosomes. Indeed, by measuring the amount of exosomes and microvesicles produced by the same number of cells in gain-of-function and loss-of-function experiments, we demonstrated that PDPN stimulates the biogenesis and/or release of these vesicles [19] . We speculate that PDPN may promote endocytosis and/or exocytosis, processes that require rearrangements of the actin cytoskeleton. On the other hand, Hoshino and co-workers [29] have found a synergistic interaction between exosomes and invadopodia in head and neck SCC cells by which invadopodia maturation and activity depends on the delivery of MMP14 via exosomes, being invadopodia critical docking sites for exosomes. Since we have found that knockdown of PDPN in oral SCC cells impairs both the stability of invadopodia (and degradation of extracellular matrix) and the secretion of exosomas [19, 21] , PDPN might well be a key element for the connection between invadopodia and exosomes in SCCs. Since CD44 is also a component of exosomes, we can speculate that PDPN-CD44 interaction plays also any role on this issue.
Interestingly, both PDPN-containing and non-containing exosomes promote in vitro angiogenesis; i.e., blood vessel formation by human umbilical vein endothelial cells on Matrigel, but only PDPN-containing exosomes were able to promote the formation of lymphatic capillary structures by lymphatic endothelial cells (LECs). These results raise the possibility that PDPN-exosomes stimulate lymphangiogenesis during tumorigenesis in vivo. The molecular mechanism by which PDPN-exosomes modulate lymphangiogenesis remains to be investigated. However, our studies and those from other laboratories suggest a critical role for the extracellular domain since preincubation of PDPN-exosomes with a neutralizing monoclonal antibody directed against this region of PDPN block in vitro lymphangiogenesis [19] as well as in vivo lymphangiogenesis (mediated by PDPN in lymphatic endothelial cells) associated with mouse corneal inflammation [30] . Moreover, a soluble PDPN-Fc fusion protein comprising the extracellular domain of PDPN and the Fc region of IgG was shown to inhibit in vitro as well as in vivo lymphangiogenesis [31] .
Lymphangiogenesis is an important tread on metastasis, particularly in melanoma and breast cancer. Thus, the presence of tumor cells in regional or sentinel lymph nodes is considered as a bad prognostic factor for cancer patients, and the presence of lymphangiogenesis in tumor-draining lymph nodes, which can be observed even before tumor cells arrive at the lymph nodes, facilitates dissemination of cancer cells to distant sites [32, 33] . There is a close relationship between PDPN and lymphangiogenesis. PDPN is specifically expressed in lymphatic but not in blood vessels [14, 34] , and PDPN-deficient mice are born with a disrupted and dilated lymphatic vasculature and lymphedema [35] . A correlation between high PDPN expression in tumor cells and increased metastasis to lymph nodes has been found in patients with oral SCCs [31, 36] . Furthermore, ectopic PDPN expression in MCF7 breast cancer cells promoted tumor lymphangiogenesis and lymph node metastasis in an in vivo xenograft mouse model [31] . On the contrary, expression of PDPN in EBC-1 lung squamoid cancer cells reduced tumor lymphangiogenesis and inhibited lymph node metastasis formation [37] , which is in agreement with PDPN being a favorable prognostic factor for patients with lung SCCs [12] . A satisfactory explanation for these controversial results is still lacking. In addition, PDPN expression in stromal CAFs has been associated with enhanced intratumoral lymphangiogenesis, lymph node metastasis and lymphatic invasion in a wide variety of cancers, including prostate, ovary, bladder, pancreas, and invasive ductal breast carcinomas [38, 39] . The molecular mechanism by which PDPN-positive CAFs stimulate lymphangiogenesis may be the secretion of lymphangiogenic growth factors and cytokines, such as VEGF-C, VEGF-D and CCL21 [33] . CCL21, which binds PDPN with high affinity, is secreted by LECs and tumor cells facilitating the entry of dendritic and cancer cells into lymphatic vessels [2, 33] . Another possibility for PDPN-positive CAFs to promote lymphangiogenesis may be the release of PDPN-exosomes. In this respect, it has been shown that tumor cell-derived exosomes induce the differentiation of mesenchymal stem cells and fibroblasts into CAFs, and that CAFs secrete exosomes that promote tumor growth and metastasis [40] . In summary, in vitro and in vivo studies have provided many experimental evidences suggesting that PDPN stimulates malignancy by a variety of strategies at different steps of the metastatic cascade ( 
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